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ABSTRAOI 


For ^ accurate and efficient transmission of 
data signals we have .to .resort to synclironous communications* 
Synbol synchronization is the first level of synchronization 
which pertains to the "base hand data signals. 

After studying different methods of synchronization 
and variations of error prohahility with timing deviations 
a symbol synchronizer has been constructed. The technique' 
is based on phase locked loop. The comparator used is a 
sawtooth comparator, because of its inherently large linear 
range and the assosiated advantages. 

The symbol synchronizer constructed was tested 
with data signals, generated using a 1 MHz clock eventhough 
it can be used safely upto 10 MHz. The synchronizer can 
be made to lock to the desired data frequency by varying 
the frequency of the voltage controlled oscillator. 
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CHAPTER 1 
IHTR0DI3CTI0N 

With the increasing demand for Digital C ommimication 
■world over, synchronization prohlems - analysis and their 
hardware solutions - are getting considerable attention. The 
present thesis reviews various synchronization techniques and 
describes a particular method for ssnabol synchronization. 

This has also been realized with the use of IC chips. , Synch-- 
ronization problem becomes important in digital comm'unication 
because of the obvious reasons that the receiver must be able 
to decode the message properly. Various levels of synchro- 
nization are to be satisfied for proper recovery of the 
message^ for example, while demodulating a received signal 
in a band pass system, an exact knowledge of the local 
oscillator frequency and phase is essential for optira'um quality 
of reception. This is achieved if one maintains carrier 
synchronization. We are interested in synchronous, communi- 
cation systems only. 

The first level of synchronization that appears in 
the S 3 nachr ono'us comm'uni cat ions is that of carrier synchro- 
nization. If the transmitter and the receiver clocks are 

/ 

highly stable, this level of synchronization can be eliminated 
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However, owing to the dlff icuLty . in acheiving HigH stability 
in clocks as well as the high cost of these clocks, it is 
required to transmit the clock signal for accurate synchronizati03 
After the carrier synchronization come- the other levels of 
synchronization such as symbol, word and frame synchronization. 
These synchronizations pertain to the base band data signals. 

In practice the messages are transmitted as code 
words of suitable block codes. These code words consists of a 
fixed number of elementary symbols. The decoder takes a 
decision for each symbol and then another decision for the 
code word. This process requires two levels of synchronization^ 
the symbol and word synchronizations, A number of successive 
code words form a -frame . Another decision has to be taken by 
the decoder for the frame. This requires frame synchronization* 

A message structure is said to symbol synchronous if 
the symbols of the code word are having equal duration. 

A message structure is said to be Word Synchronous ' 
if the duration of the code words in the message frame is of 
equal duration, if not multiples of at least the maximum 
duration of the code word, 

A message structure is said to be Frame Synchronous- 
if the duration of the message is at least the multiple of 
the maximum duration of the message frame i^e. the duration 
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of each, franie in the message is ec[ual to at least the 
multiple- ' a frame , 

A message structure is simply called synchronous 
if it is symbol, word and frame synchronous. 

A typical counter example of message structure whibh 
is word asynchronous hut s3nnhol synchronous is the conventional 
telex system. Whereas synchronous message structures are found 
in POM systems, telemetry and data transmission systems. In 
the above systems some relationship exists between symbol, word 
and frame synchronization. Let us study these synchronizations 
in block code decoders as the messages are usually transmitted 
as block codes. 

Synchronization in Block Code Decoders! 

A conventional block code decoder is shown in Pig. 1.1. 
The symbols are of equal d-uration and the word duration is 
a multiple of symbol duration and frame duration is a multiple 
of that of words , The above property can readily be used for 
the implementation of synchronization in block code decoders 
at all levels . 

The s.;etup in Fig. 1 .1 can be considered as the 
extension of a linear receiver. The linear part of 1iie 
receiver is connected to a sampler where symbol by symbol 












decisions are taken. Tke sampler regtiires synchronization 
information for its sampling instants. The symhol synchro- 
nization signal is extracted from the data itself hy 
introducing a non-linearity in the circuit. As the duration 
of words and frames are multiples of the symbols, counters 
are used to denote the length of code words and message frames. 
These counters are reset by word and frame synchronization 
signals. The input to the counters being the synchronization 
signals obtained from the received data. The signals 
necessary for resetting the frame and word synchronous counters 
are obtained from the frame and word synchronous receivers 
which continuously scan the stream of regenerated symbols obtaine 
from the sampler. Special regularly inserted synchronous 
symbols in the data are detected by the frame and word synch- 
ronous receivers and ensure periodical reset of the counters . 
jO-though there are many variations to the receiver shown in ! 

fig. 1 ,1 in general three receiveife af® required to receive 
symbol', word and frame synchronization signals. 

Another method for obtaining different levels of i 

synchronisation in block code decoders is shown in the Pig. 1.2,; 
Here the frame synchronization receiver receives the frame 
synchronization signal. Since we are assuming a synchronous : 
message structure we know that the word and symbol synchroni- ; 
zation signal frequencies are multiple of the frame I 










S 3 mchronization signal frequency. Hence the word and 
symbol synchronous clocks are derived by using two multipliers 
from the frame synchronization clock. As it appears this is 
relatively simple method of obtaining synchronization in 
block code decoders. The above approach is particularly 
useful for special periodic frame synchronization signals 
of a large bandwidth time product. 

In chapter 2 of this thesis different methods of 
establishing synchronization is explained, clearly drawing 
the distinction between the external timing and self timing 
synchronization receivers. A comparison between different 
methods used in self timing receivers is shown in Table 2.1 
of chapter 2, 

Chapter 5 of this thesis deals with the considerations 
of how the timing deviations due to improper S3mchronization 
affects the error probability is analysed. Once the inter 
symbol interference is avoided by methods proposed by 
Hyquist the major source of error is due to the timing 
deviations. This has been shown both when the data is 
transmitted at the Nyquist rate as in an ideal system as 
well as when it is transmitted at a lower rate as in a 
practical system. 
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Chapter 4 contains the analysis of the phase locked 
loop ¥ith a sawtooth comparator, which forms the basic 
building block of the S 3 niibol synchronizer fabricated. Because 
of its linear characteristic of the phase error vs. output 
voltage over a wide range of. to + 'TT , it offers many 
advantages compared to a conventional sinusoidal phase 
detector. Thus a sawtooth comparator is ideally selected 
for the symbol synchronizer. 

Chapter 5 deals with the sjmbol synchronizer 
constructed, A brief description of the symbol synchronizer 
fabricated, along with the descriptions of some of the 
important components like phase detector and voltage controlled 
oscillator is given in this chapter* 

Chapter 6 is the concluding chapter. It contains the 
test results showing the oscilloscope waveforms of input data 
signals and the synchronization waveform obtained from it* 

One can easily visualise the occurance of the transitions at the 
Same instant in data waveform as well as in the synchronization 
signal which confirm they are in phase, 

A Bibliography on synchronization is added 


in appendix A 



II-1 


CHAPTER 2 

METHODS FOR S~mCHROHISATI(M 


Methods for synchro^iisation can he classified 
broadly into two catagories. They are ezternal timing 
and self timing synchronisations. 

In external timing receivers, a synchronisation 
signal or a pilot tone is transmitted separately alongwith 
the data stream. So this req.nires additional bandwidth for 
the transmission of synchronisation signal. Alternately, 
the Same bandwidth can be utilised for transmission of both 
data as well as synchronisation signals. This is known as 
common bandwidth transmission of data and synchronisation 
waveforms. 

Fig. 2.1 shows the block diagram for extraction 
of synchronisation clock signal when it is transmitted 
separately, Eig. 2,2 shows the timing diagram of the 
waveforms at different points in the block diagram. The 
input t^juaed circuit is tuned to the transmitted synchronisation 
frequency. The data stream doesn't appear at the output 
of the tuned circuit as the tuned circuit is a very narrow band 
resonant network. The output of the resonant circuit is 
shaped into a square wave by means of the limiter. The 
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square wave is then differentiated by the next block which 
gives the -ve and +ve going pulses, The rectifier removes the 
negative going pulses. Thus we obtain one +ve going pulse 
for every one period of the s 3 nichronisation clock frequency. 
These pulses are then fed to sampler for controlling the 
sampling instants. Since the data as well as the synchroni- 
zation frequency are transmitted in the same channel they 
undergo the same delay etc. and hence no phase adjustment 
is required at the receiver. The frequency spectrum of the 
data signals as well as the synchronisation pilot is shown 
in Fig. 2.3., For good signal-to-noise ratio performance a 
phase locked loop can be used instead of turned circuit shown 
in Fig . 2,1. 

If, on the other hand the data and synchronisation 
signals are transmitted in the common bandwidth, the operation 
can be shown by a block diagram shown in Fig, 2.4. At the 
transmitter the data symbols and the synchronisation signal 
are added together by a linear adder. The synchronisation 
signal added to the data signal is of double the period of the 
clock frequency with which the data stream is generated. The 
amplitude of the synchronisation signal is less than half of 
the data signals . The data signals and the synchronisation 
Waveform are added together in such a fashion that the 
transitions in the two waveforms occur at the same instants* 
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Fig. 2*3. Frequency diagram showing hasehand 

data spectrum and the synchronization 
frequency pilot * 
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Fig. 2.4. Block diagraxa of 'the binary data transnission 
systems with common bandwidth transmission of 
data signals and symbol synchronisation 
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Th.e added signals are passed through low pass' filter to 
smoothen out fast transitions. After modulation and hand- 
limiting the signals are sent into the channel. 

At the receiver the input stage of the synchronisation 
signal receiver consists of a squaring network, with a 
quadratic amplitude characterislie * This network will 
double the frequency of the synchronisation signal. The tuned 
circuit following the quadratic network pass the synchroni- 
sation signal rejecting the other frequency components. Afteh 
proper phase adjustment, limiting, differentiation and 
rectification we can get the sampling pulses which are utilised 
to control the sampler. The synchronisation waveform will 

be subtracted from the baseband signal before they are fed to 

¥ 

the sampler, since baseband signal contains • both data and 
synchronisation waveforms. 

Though this method has got the advantage of 
bandwidth oconomy n't suffers from the disadvantage of 
interference due to the synchronisation signal present in 
the Same bandwidth. 

Self Timing Systems: 

Basically there are four methods by means of which 
digit synchronisation can be established by means of self 
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timing teclinique. These are direct resetting, selected 
resetting, incremental adjustment, and phase locked loop* 

In the direct resetting technique now obsolete, every 
edge of the incoming data pulse is used to correct the receiver 
clock, there by adjusting the phase of the receiver synchro- 
nisation clock. 

In the selected resetting technique also obsolete now, 
the digit rate clock (the symbol ssmchronisation clock) is 
reset only when a out of phase condition between the data 
stream and the digit rate clock is indicated by an indicator* 

The incremental adjustment technique utilises a 
digital phase locked loop with a oscillator whose frequency 
is much higher than the digit rate clock. Pulses are added 
or deleted to the oscillator output depending on the incoming 
data symbols, so as to maintain synchronism with the oscillator 
output, divided down to the digit rate clock frequency and 
the data stream. A block diagram of the system is shown in 
Pig. 2,6. Let us consider a two phase clock whose frequency 
is 64 times greater than the bit timing waveform frequency. 

The output of the two phase clock is divided by binary counter 
of ratio 64:1 to obtain the bit timing. The transitions in 
the incoming data stream are detected by the transitions 
detector or a zero crossing detector. The output of the 



Pig. 2.6 Block diagran of increnental adjustnent syiatiol 
synclaronizer . 
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transition detector is compared with, that of the hit timing 

signals with the help of the time comparator gates. If 

the phase of hit timing signal leads that of the incoming 

data the early flip-flop is set which in turn activate the 

delete pulse gate which deletes one of the counting pulses 

of the two phase cloch from reaching the counter and hence 

1 

output of the counter will he made to lag in phase hy 
of the hit interval. On the other hand if the hit timing 
signal lags in phase the late flip-flop will he set which in 
turn activates the add pulse gate, which adds an additional 
pulse to the two phase clock pulses and hence the output of 

•I 

the counter will he made to lead in phase hy ~^th of the 
hit interval. To obtain highest degree of accuracy it is 
desirable to provide some kind of memory to the system so that 
when the input data stream is absent the phase of the bit 
timing signals will remain in the last setting. 

The phase locked loop technique involves the 
comparison of the frequency of the incoming data stream wi1di 
that of a local oscillator and the error is utilised for 
correction of the- frequency and phase of the local oscillator. 
The teohnique is explained in detail subsequently. 

The performance characteristics of the various 


self timing systems are. compared in table 2,1 , with respect 
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to noise and jitter immunity, accuraGy and stability. 

Table 2.1 Self Timing digit Synchronisers Comparison 


Technique 

Direct reset 

Selected 
" reset 

Incremental 

Phase 

looked loop 

Immunity to 

Poor 



Excellent 

noise 





Immimity to 

Poor 



Excellent 

jitter 





Accuracy 

Acceptable 



Excellent 

Stability 

G-ood 



Excellent 

Complexity 

Low 

Medium 

Medium 

Medium 


Table"2.1 tells us about the seleGliion of a particular 
technique depending on the accuracy required,. When a highly 
accurate digit synchronisation is needed we have to go for 
phase locked loop technique,. 

Comparison of External and Self timiing Systems; 

Ho doubt an accurate timing for digit ssmchronisation 
is provided by separate transmission of clock signals. But 
the external timing system suffers from the following 
disadvantages. 

1 . It is not economical since we are utilising additional 
bandwidth for the transmission of clock. 


L.ibR^Hy 

, 1 ,,^ 
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2. The transmission of additional signal is redundant because 
the necessary timing signal can be extracted from the signal 
transition in the data signals,. 

3,, Processing of the data signals has to be abandoned if 
the synchronisat ion signal has been lost by chance even 
after receiving the data signals, 

4, It is vulnerable to jamming, which is very important in 
defence communications. 

Also, because of the recent developments in cheap 
and fast I.C.'s have made the synchronisation with the 
help of common bandwidth signals feasible. And herxce, we 
shall confine our discussion to the self timing systems 
only. 
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CHAPTER 3 

CO^TSIDERATIOIT OF PROBABILITY OE ERROR 7S . T DIE JITTER ■ 

The errors in binary data transmission manifested, 
due to the additive gsaissian noise, inter symbol interference 
and timing in-accuracies. The inter symbol interference can 
be eliminated using simply the methods suggested by Nyquist. 

But in the presence of timing inaccuracies inter symbol inter- 
ference plays a vital role, thus an acc'urate timing information 
is necessary to the sampler in order to keep the error proba- 
bility within tolerable limits, ¥e study the above facts with 
reference to binary data transmission. 

The block diagram of the binary antipodal data 

transmission system is shown in the Fig, 5»1 • It consists 

of a bivalent source which generates the bivalent messages. 

The coder, converts the bivalent messages into an appropriate 
waveform. Here we are especially interested in the 

synchronous message structure, which means the successive 

messages are transmitted at regular intervals of T^, 

Let us assume that transmission channel is band 
limited to the bandwidth and the additive noise 

to be Gruassian with zero mean and band limited to the 
available bandwidth ^d^* 


Pig. 3*1 . Block diagram of Binary antipodal data 
transmission system. 
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Let us restrict our discussion to a linear receiver 
connected to a sampler as shown in the Fig. 3.1. The 
sampler takes the samples at every seconds and the 
samples are compared with a fixed bias level to arrive at 
decisions « 

let us now study the dependence of the average error 
probability on intersymbol interference, noise and timing 
deviations of the sampling instants for this type of receiver. 
Let us also discuss some possible ways of minimising the 
average decoding error probability, 

let us denote the Kth received waveform by r(t-tj^) 
where aj^=1 or -1 while tj^=E is the nominal decision time 
for the waveform considered and energy contained in r(t) be B. 

Let the receiver response to r(t) with a fourier 
transform G- (f), is given by 

y(t)= jG^(f)H(f) exp(2-nr3ft)df, (3.1) 

—00 ^ 

where H(f) is the transfer function of the linear receiver. 

In the absence of noise the receiver response to the mth 

waveform may be written as 

f ofc 

a^y(t-mT^)=aj^ I G^(f )H(f )exp 2 jf(t-mT^)df, (3.2) 

•^00 

At the instant t, the response of the receiver to 

K. 

the mth waveform equals assume that the 



III-4 


iatersymtol interference extends over N symbols preceding 
and N ssnabols following tlie time tj^ considered, wbicli is 
th.e time of detection of the kth message waveform. Thus 

the response of the linear receiver' at time t^ becomes 

X+E 

21 . 0.7) 

iRk-H 

■where i stands for one of the possible seq.uences that 

Can be constructed -with 2N+1 binary message waveforms* itirther 
for a small deviation S of the decision instant t^^ the output 
of the sampler in the absence of noise is given by 


7 (±,\- 0 )= ( 3 - 4 ) 

m=k-N. 


It can be seen that the inverse of a particular 
seq.uence of 211+1 successive -waveforms gives a response at the 
samiQ.er input of the same magnitude but of opposite sign. If 
the inverse of the ith sequence is denoted by I, so • 


:p_^2N+1 _ . 5 ^2N 

i— 2 “J* 1 ““i X 02? i— 1 


and 

a (i)= -a (i) for m=k-lT,k-ir+1 , .. . »k+lJ-1 jk+N; an^(i)-1 , 

HI n 

then we have 


y(i,tjj.-S )= -Y(I,tj^ -S) 


( 3 . 5 ) 


The apriori probabilities of occurance of the ith 
and Ith sequences will be denoted by P^(i) and P^(I) respectively 
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Let us assume that P^(i)ssPy(I) for any i. 


In the presence of transnission noise the output of 
the Sampler for any ith and Ith sectuence at the instant 
t^- 6 is given by x{t^-S). denotes the decoder output 

for the decision instant considered, the below mentioned 
decision rule can then be applied at time tj^- S, 

if x(tj^-S)>0, 

•^= -1 if x(t^ ■“SX^O. (3.6) 

It is required that Y(i,t^)'^0, (3.7) 

as this implies an error free decision for any i or I in the 
absence of noise and sampling inaccuracy. For the noise 
spectral density S^(f ) assumed the noise output of the 
receiver is given by 

/■■Jf CO 


2 

6~n 


= ]S^(f) \E{t)\ ^ df. 

•i-oo 


(3.8) 


The probability of decoding error for any ith 

is 

sequence and kth message waveform/equal to the probability 
of the noise contribution of the sample at iias an 

amplitude in the range from -cX>to -y(i,tj^-6^ ). Therefore 
we can write 


Pg(i,S) 


cr^(2Tr)^^^ 


-T(i,.V 


3 


— 00 


) 

exp(-v 



)dv» 


(3.9) 
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Tlaerefore the decoding error prohatility for Ith 


seciuerco and kth nessage waveforia in ^iven by 


- c ■ 


-y(i,t^- ) 


exp(-v^/2 


(3.10) 


for P (i)= P (I) = 

j? X* 

P (i,&)=P (1,6). Then the average probability of error 
0 0 

decoding is given by 

) 1 (e)d&-^ P^,(i,S)+Pg(i, 6) (3.11 ) 

i-CG 

Where P^(6) denotes the probability density function of the 
sampling inacciiracy* We know the error ftinction is defined 

as 


erfc(a) 




1 " 


2 

-V dv. 


( 3 . 12 ) 


a 


Therefore 

,.5 _,-(2N+1) 

Bventhough the above formtaa is derived for the kth decision 
instant it is the general relationship between the average 
error probability and perturbations due to noise, intersymbol 
interference and sampling inaccuracies , 


roo 

Pj(8)ae 


22N 

' ^~^ erfc 

i=1 


T(i,tj^-^) 




f=T 


(3.13) 


At this stage let us find out the possible methods 
of implementation of a optimum decoder. Let us first try to 
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minimise P and determine the corresponding receiver 
characteristic H(f) for a given r(t) i.e. the message 
waveform. 


A suitable approach may be based on the fact that 
, the interssrmbol interference can be made negligible at 
equidistant decision instants by methods proposed by Hyquist. 
This approach is based on the following identity. 


G- (f + y(nl )exp(- 2 -n 3 fnT ), 

o o ^ 

n= - c>o n= - <50 

(5.U) 


G-^(f) denotes the fourier transform of y(t). If we require 
y(nT^) =0,n = + 1, + 2.,., From (3*'l) 

^ -VcD 

y(0)= j Gy(f)H(f)df , (3.15) 

— oo 

then this implies that the intersymbol interference 
vanishes at decision instants which are a time T^ apart. 
Therefore condition (5.14) then requires 

CO 

3- G (f + -^ ) = y(0)T^ (3.16) 

n= ^ ° 

A special but unrelizable situation is given by 

&^(f) = y(o)T„, (3.17) 

^ o o 

which specifies the minimum bandwidth required at the ITyquist 
1 1 

symbol rate • Therefore w^ = where w^ is the 
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A 

Nyquist 'baMwidth., ¥hen many possible designs of 

G- (f) can be obtained wbich. satisfy (3-16), but at a 
transmission rate below the Nyq_uist symbol rate. ¥e know 
that the effect of Guassian noise can be minimised using a 
matched filter or a correlator receiver in the absence of 
intersymbol interference. 


Let us consider a matched filter receiver. The 
message waveform received is r(t) and its ftransform be 
G^(f). Then the ideal matched filter transfer function is 
^ &^*(f) where ^ is a factor of value unity and G^*(f) 
is the complex conjugate of G^(f). Now the spectrin., of the 
message contribution y(t) at the output of the matcli.od 
filter may be written as 

Gy(f)=^G^(f) G^*(f)= e.|G^(f)i (3.18) 


if*om 



To Satisfy (3.16) it follows that 


^ 


n= -00 




ET 


(3.19) 

( 3 . 20 ) 


Thus we can find a message waveform r(t) that corresponds to 
the fourier transform G^(f) which obeys (3.20). This is 
illustrated by the plots in Eigs, 3*2 to 3.3 • 
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FIG.3.2 impulse RESPONSE OF A IDEAL 
LOW PASS FILTER AND ITS FOURIER 

transform 



in -10 


FIG.3-3- 


DATA WAVE FORMS AND THEIR FOURIER 

transforms 






The ideal case of transmission at Nyq.uist rate 
is given "by 


f.rt')- sin(Kt/T __ .. 

^ ^ ^ iftyr^ ^ 


sin(irt/T^) 

iftTi; 


o 

(5.21 ) 


r(ET )1/2, fOl/2T 

° • % a (f)=r,b (f)\2 . 

1,0 f >1/2T^ y' ' ' \ 

'ET f^l/2T 
o^ ^ 0 

^0 f>l/2T^ 

Another practical example is that r(t) and y(t) quickly 
decay to zero hut needs twice the hyquist bandwidth is given 
by 


r (t ^ 


4 . E ^ cos(2m/T^-) 

'' TV TTTTZT^ 


n 


0 1-(4t/T^)‘ 


sin(2TTt/T ) ^ E 


- ^7^ 


1-(2t/TQ)' 


UeT^)^/ 2 cosCTTfT /2), \f\^l/T 
0^(f)= 4 ; 

[O , \4>1/To ' 

>ET^ cos^(T( fT^/2) , f^l/T^ 
0 , f>l/T^ 


( 5 . 22 ) 


&y(f)=^\(}r(f)\^ = X 
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Tlie performance of the linear receiver can be 
determined by the evaluation of (3*13). When the receiver 
response y(t) satisfies the Hyquist condition (3.16) while 
P^(S) is given by a Dirac delta function at S =0, the 
formula (3.16) can be reduced to 


5 


e 


2-(2F+1 ) 


22N 

i=1 


aj^(i)y(0) 


y(o)'l 



(3.23) 

When the receiver filter is matched we know that y(0)= ^E, 

For white Gaussian channel noise of spectral density 

H. 2 2/ 

S^(f) = — ^ — formula (3.8) shows that ^ E/2 

Thus for an ideally matched filter and zero intersymbol 

interference P = ^ &rf.c f which is also the optimum 

error probability for binary antipodal data transmission. 

When the sampling is inaccurate intersymbol interference 
plays a significant role eventhough Wyquist criterion is met^ 

To get an insight into this effect the performance of matched 
filter has been analysed by ZEGERS assuming a Guassian 
probability density function with a zero mean and a variance 
which is a small fraction ^ of T^ for the timing deviations. 

Thus the f ormula(3.1 6) has been evaluated for examples 
provided in (3.21) and (3-2.2). Example (3.21) provides the 





the instructive insight for the limiting ca&e of data 
at 

trai^mission^T^yquist rate, eventhough it is not physically 
realizable* Ihis situation is plotted in Fig, 3.4 where 
average error rate 5 is given as a function of signal to 
noise ratio with 11=3 and ^ as parameter. For If — 

the summation in (3.16) is pot conyergent and hence the 
siunmation is valid only for finite values of N. From the 
curves we cau infer that the sampling jitter causes a 
threshold effect. The performance in the prescence of sampling 
jitter is quite good in the case of the other example 
provided by (3. 22), but at the cost of twice the Wyquist 
bandwidth. These curves are plotted in Fig, 3* 5» in which 
the effect of sampling jitter is clearly noticed* 

¥e will conclude this chapter by stating that 
Sampling jitter can have serious effects on the performance of 
binary data transmission systems. Thus jitter free accurate 
synchronisation is necessary in synchronous data coiminmication 
systems. 
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CHAPTER 4 

AHALTSIS OP PHASE LOCEBD LOOP WITH A SAWTOOTH 
COMPARflOR 

The phase locked loop is known since 1950. But 
its widespread use is only recent with the advent of 
sophisticated communication fields like space communications 
etc. A phase locked loop is almost indespensible whenever 
an exact phase or frequency information is required. Thus 
it has got many applications in fields like communications, 
controls and instrumentation. 

. . A phase locked loop produces an output frequency^ 

depending on the phase and frequency of the input signal. 

Here we consider the phase locked loop \ising a saw-tooth 
comparator , which is superior to sine wave comparator hecause 
of its linear characterstic of the output voltage Vs. phase. 
¥e will observe in the next chapter that this phase locked 
loop with the sawtooth comparator is going to be the basic 
building block of the symbol synchroniser. 

The block diagram of the phase locked loop is shown 
in the Pig. 4.1 which resembles a servo loop or a feed bee:'': 
amplifier. It consists of number of basic building blocks 
like phase comparator, low pass filter, voltage controlled 



Block diagram of the Phase Locked Loop. 
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oscillator and frequency dividers, 

Frequency dividers: 

There are two frequency dividers in the circuit, 
one in the forward path and the other in the feedback path. 
These dividers divide the frequencies of the incoming signal 
as well as the voltage controlled oscillator's frequency, in 
such a way that the signals of the same :• submultiples are 
applied to the input terminals of the phase comparator. These 
dividers infact extend the range of the comparator. The 
probability of discontinuity due to large fluctuations in 
frequency diminishes as the division ratio increases. It also 
reduces the over all loop gain, a reduction in jitter in the 
signal supplied to the comparator and allows the comparator 
to operate at a lower frequency.. 

Phase comparator; 

The phase comparator is the error detector in the 
loop. It compares the phase of the input and output signals 
and generates the voltage depending on the phase difference. 

It Cannot differentiate between different cycles of input and 
output submultiples. Therefore its output is a periodic 
function of the phase difference between the input and output 
submultiples , The period of the output waveform of the 
comparator is equal to one cycle of the submultiple frequency 
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Ihe characteristic of the sawtooth comparator is shown in 
Pig. 4.2, as we are interested in analysing the loop nsing 
a Sawtooth comparator. 

The range of the comparator in terms of the cycles 
of input and output frequency can he increased by increasing 
the dividing ratio. The linear portion of this range is 
important because the longer it is the smaller is the distortion. 
In addition it also improves the noise threshold, pull in 
range and hold in range. 

Loop filter; 

The loop filter is a-low pass filter which attenuates 
fast changes in the output of the phase detector caused by 
noise and high frequency components in the. output of the 
phase comparator. It can be a simple E-C filter or a lead 
lag filter as shown in Pig. 4.5* 

Voltage control oscillator; 

The voltage controlled oscillator is used to generate 
the output signal of the required phase. Phase is the 
integral of the frequency and therefore the oscillator acts 
like a perfect integrator since it has got long time constant 
qnfl memory. The characteristics of the voltage control 
oscillator required for the coramunication signal are; a good 



Fig» 4.3 . Low pass filter 
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;0iaSe stability, a linear irequency/control voltage charact- 
erstic and a large gain factor, 

Aligned operation of the looj: 

Let us assume that the input frequency is equal to 
the output frequency. Then there is no error voltage from the 
phase detector. If we advance the phase of the incoming 
signal the phase detector output gives rise to an error signal 
which advances the phase of the voltage controlled oscillator, 
fhe circuit cannot settle down until the phase of the output 
is equal to the phase of the input, 

Mistuning ; 

Assume that the input frequency is slightly grater 
than the output frequency, so that the input phase is leading 
compared to the output. As before the phase detector develops 
an error voltage which varies the voltage controlled oscillator 
output so that both the input and output frequencies are same. 
Thus in steady state there exists small phase error which is 
just sufficient to detune the voltage controlled oscillator 
to the require frequency. The greater the phase to frequency 
gain of the forward path the sma-Ller the steady state phase 
error which results from the given input frequency deviation. 
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Jitter: 

Let us suppose that the phase of the incoming signal 
Is fluctuating whereas its average frequency remains 
constant-. The integrating action of the voltage controlled 
oscillator smooths this jitter if the rate of jitter is 
rapid# Also the low pass filter attenuates the jitter 
before it is applied to the voltage controlled oscillator* 

If the amplitude of the jitter is large the phase 
detector goes through a discontintiity and hence the circuit 
slips U cycles ahead or behind the input signal. 

If the rate of jitter is very slow the circuit tracks 
it and passes on to the output. If the jitter is caused by 
addition of white G-uassian noise to the coherent signal, the 
loop res-ponds only to the noise components aromd the 
coherent signal. This property allows the loop to lock on to 
the coherent signal of known frequency eventhough it is 
surrounded by strong wideband noise. 

Quieting; 

When the voltage controlled oscillator itself is 
jittering because of the internal noise it is reduced by the 
feedback. This is known as the quieting of the internal 
noise of the voltage controlled oscillator. 
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Discontinuities : 

Suppose the input freq.uency of the incoming signal 
is increased uqitil the phase error is eq.ual to +irTT where IT 
is the dividing ratio* A little increase heyond this point 
makes the comparator to go through a discontinuity making 
the phase error to he -NTC . This will start decreasing the 
oscillator frequency and the phase error rapidly returns to 
+NTT and then j'ump to -NTT again. After sometime the error 
will settle down^to a periodic behaviour with discontinuities 
at regular intervals. The output frequency must he somewhat 
less than the input frequency because the average error must be 
somewhat less than +11 TT. The frequency of the phase .error 
will be the beat frequency between the input and output 
divided by N, 

Steady state phase error; 

When it is required to synchronise the loop with a 
frequency which is not identical with the voltage controlled 
oscillator ‘s frequency then there exists a steady state phase 
error. The comparator converts this phase error into voltage 
which is utilised to tune the voltage controlled oscillator 
to the required frequency, which is identical to the input 
frequency. 
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The gain a is the conversion gain from phase 
error to freq.uency. It is the change in output frequency 
(in radians per second) that resulted from the change in phase 
error of one radian. 

The mistuning frequency is the difference "between 
the input and output frequencies. Then the steady state phase 
error is 0^ = 'w^/a, , It is obvious that the higher the a 

the smaller the phase error for a given mistuning frequency w^^. 

Lock frequency: 

This is defined as the maximum frequency'’ that can be 

locked in synchronism with the voltage controlled oscillator. 

It is determined by maximum range of the phas^ comparator. 

In the limit w = w_ = Lock frequency = NTT a • 

in jj 

Phase error margin; 

The phase error margin is defined ag the margin 

between the steady state phase error and the error which will 

w 

cause a -discontinxiity. So 0 ' = NTT - — ^ » where 

0i s* 

- phase error margin; and w^/ g, is the steady state 
phase error. Since the gain of the sawtooth comparator 
doesnot depend on the phase error, the small signal performance 
of this comparator is independent of the steady mistuning* 

If no discontinuities are allowed the phase error margin 
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1111111:8 the permissible peak jitter amplitude. 

Behaviour of the loop In the linear region: 

The phase-locked loop acts like a linear feedback 

system as long a3 the phase error doesnot exceed the bounds 

Let the gains of phase detector, low pass filter 

and the voltage controlled oscillator be , a^* a^ and 

their transfer functions be 1, H(s), and 1/s respectively. 

Also assume a= a, x a^ x a,. Therefore foirward gain 

\ c 0 

U := a^ a^ H(s) a^/s = , (4.1 ) 


and feedback factor B=1 • Then the response of the output 
phase 0^ to the change In the Input phase 0^ Is given by 


5^0 


U 


1+UB 


a H(s) 

■ s+aH(s)' • 


(4.2) 


The phase error 0^ = 0^ - 0^ = s+ ' a ' H ' (s ' T ’ 


(4.3) 


e '^o s+ ahis; i 

Here It should be remembered that we have to measure the 


phase of the submultlple signals In radians of the original 


signals. 


Bor a lead lag type of filter the transfer function 
H(s) is given by 

1+s Tp 
“■ l+s 


(4.4) 
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Th-us the transfer ratio 
l+s Yp/a 

^ ~ T+s(l4-Y2Va + Y|/a^ (4-*5) 

where Y^ = aT| and.Y2 = and the phase error 

f (l+eY^/a) 

0 ^= ( 4 . 6 ) 

1+s( lj2L-)+s^ ^/a^ 


The denominator of the poljmomials ( 4 . 5 ) and (4.6) is a 
second order polynomial of the form. 


1 + s 


2z 

w 


+ (-1-) 

n 


( 4 . 7 ) 


where w^ = 


a 


1 


and z = ^. 




. R 

w is the loop bandwidth or natural frequency of the loop 


n 


and z is called as the damping factor. These parameters are 
particularly important in transient response to a step input 
of phase or frequency. 


Pull-in frequency: 

It is one of the very important parameters of the 
phase locked loop system. We can define pull-in frequency 
as the range of frequencies that can pull the oscillator 
into synchronism. In general this is smaller than the 
lock-in frequency. 
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Th.e experimental determination of the pull-in 
frequency is as follows: The input signal is mistimed 
'beyond the lock-in frequency. Then mis tuning is slowly • 
reduced until circuit locks in. When the tuning exceeds the 
lock range there are frequent discontinuities in the 
phase error and it appears to flicker. As the mistiming is 
slowly decreased the flicker rate decreases. When the 
mistiming is brought down to pull-in frequency the flicker 
mode becomes unstable. With the mistiming held at pull-in 
frequency the flicker mode slowly disappears and the circuit 
is pulled into synchronism. 


Goldstein found an exact answer to the pull-in 


frequency w ; 

■ir 


— i + (D)taJlll(i z w !! ) (4.8) 

Where T^ is the critical period, is given by the smallest 
positive solution of 

jr, J ^ -1 , / 2 - ^ 

tanhC^yz -1 




"^1 




) = c. 


(4.9) 
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and D is given "by 



( 4 . 10 ) 


For tlie underdamped case (z<.1 ) the hyperbolic tangent 
can he replaced hy the trignome trie tangent* 


We Can see from (4.8) that the pull-in frequency 
is directly proportional to the lock frequency* UHTa. For 
small signal performance of the loop, the parameters "Y] » Y 2 
and a are constant and hence the pull-in frequency can he 
increased hy increasing the counter ratio W without affecting 
other performance factors like noise bandwidth etc. 


But there are two limitations on the count. ratio. 

Firstly for our analysis to he valid the suhmultiple 

frequency must he much higher than the cutoff frequency of 

the loop which is of the order of w * The second one is 

n 

purely economics* Higher count ratios needs more equipment. 


For^2^^ and ^/Ti ^0*5 the pull-in frequency approaches 

2 


w = H aTT I — 
P [3 


(4.11) 


Seime frequency: 

If the input frequency mis tuning is less than the 
pull-in frequency the circuit will certainly he locked 
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into synchronism, hut it may flicker for considerably 
long time before it goes into lock. 


Bp.t in some applications like symbol synchroniser 
etc. it is important that circuit must go instantaneously 
into lock "with the signal that has just started. We define 
the seize frequency w as the maximum mis tuning of a suddenly 

o 

connected signal that cannot cause a discontinuity after a 
initial phase jump. 


The maximum initial phase jump that can be tolerated 
without cousing discontinuity is NTT « The seize frequency 
is the value of mistuning for which the initial derivative of 
the phase error is zero, so that no disc ont inui t y results. 


The seize frequency 




w is given by the formula 

3 

( 4 . 12 ) 


Bettling time; 


It is the time required for the phase error to settle 
to its steady state value after a change in input conditions. 
If no discontinuityoccurs , the settling time t^ may he 
estimated to he time at which the damping terms e ^ ^n'^s 
decays to 0.1. Substituting for z according to (4.7) 



4.6 m 

Ya+i 1 ‘ 


(4.13) 


If the discontinuity is -crossed, an additional time will 



)e required to allo-w for th.e flicker to die out. During 
the period of each, flicker a small ckarge is added to the 
filter capacitor which hrings the voltage controlled oscillator 
frequency closer to input frequency. Hence the circuit 
will he pulled into synchronism* 


Hoise Bandwidth; 

The phase controlled loop also reduces noise. Since 

the noise at the output is restricted to he narrow hand it 

is convinient to express the noise as the bandwidth of an 

ideal filter (i,e. rectangular filter) that can pass the same 

mean square noise. The noise bandwidth can he computed 

from the following formula > 
oo 

B = t&(w)l^ dw, (4.14) 

where G-Cw) is the normalised transfer function between the 
noise input and noise output and B is in radians per second. 


In our particular case (i.e. when the oscillator 
is used to remove fitter) the transfer function &(w) is given 
by Y as given by (4.5). Let us call the jitter bandwidth 
as B. . 


Substitute (4.5) into (4.14) we get 

T2 
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We know NTfa is tlie lock frequency. An increase in H 

increases tlie lock frequency wifliout changing B.». 

D 

The normalized jitter handwidth is for an 

R-C filter or for no filter. It can be seen that if 

much greater than 1 then the normalized jitter bandwidth 
approaches ( 1 ^ 2 ) . 

In this chapter we analysed many of the properties 
of the phase locked loop with a sawtooth comparator. Some 

of the properties like lock frequency, pull-in frequency and 
noise bandwidth are important in almost all the applications. 
Other properties like seized time and settling time etc. 
are important in certain other applications like ours i.e. 
in symbol synchronisation etc . 


The following approximations are of much use in 
designing the phase locked loop with a sawtooth comparator. 

Pull-in frequency; 


Wp = NTCa X 

noise bandwidth 



ifhen 0^2*^ 1) 



lock-in-frequency 


Wj_ = TTH a . 
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CHAHER 5 

gHASE LOCKED LOOP SIMBOL SIRCHRORISER EOR DATA COMTOICATION 

SISTBMS 

The incoming data stream contains the components of 
the clock signal which is nsed to generate the data stream 
at the transmitting end. Hence ty -using the phase locked 
loop we can extract 'bhe symbol synchronisation signal by 
making it lock in synchronism with the symbol synchronisation 
signal contained in the data stream. A basic block diagram 
of the phase locked loop symbol synchroniser is shown in 
the Fig . 5.1* 

The Tarious elements of the symbol synchroniser are, 
two dividers, a non-linearity phase comparator, low pass filter, 
voltage controlled oscillator. The significance of the 
frequency dividers in a phase locked loop already been discussed 
in the previous chapter. 

Hon-linear Element; 

^ It is common practice to use non-return to zero 
(NRZ) signals in digital communications. A non-return to 
zero signal is one in which the signal stays at the 
continuous level for the full digit period and does not 
returns to zero through half way of the digit period. In the 



Eig. 5.1 Phase locked loop symbol synchronizer 










spectrum of IffiZ signal there is a null at the digit 
rate. In order to generate components at the digit rate 
it is required to introduce a non-linearity in the signal_ 
path. 

We can introduce the required non-linearity by 
various means. It can he a full wave rectifier, a full wave 
rectifer slicer, a monos table multivibrator, a square law 
rectifier, or any other device which is capable of doing 
any one of the above jobs. With a sawtooth type of 
comparator using monostable multivibrator for non-linearity 
may be an ideal one. 

Phase Comparator; 

The phase comparator is the error detector of the 
loop. It produces an output depending on the phase difference 
of the input and output signals of the loop. Basically there 
are five types of phase comparators which can be used in 
phase locked loops. They are sawtooth, linear gate, digital 
gate, early gate/late gate and counter digital /analogue 
comparators . 

All the above mentioned comparators are more or 
less equal in performance. But the sawtooth comparator offers 
number of advantages compared to the other types of comparators 
The advantages can be listed as below; 
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) It’s output is linear for large values of phase error, 
in fact it's output remains linear for a phase difference of 
learly one digit period, 

1 ) Since it works on zero crossings it's gain doesn't 
depend on amplitude of input signals, 

3) Since it's gain does not depend on the signal amplitude 
the small signal performance is independent of steady 

mis tuning. 

4) It has a large pull-in frequency at least twice that 
of a sinusoidal comparator of the same small signal 
performance, 

loop filter: 

The loop filter is a law pass filter . With symbol 
synchroniser loops of various orders may be used. A first 
order loop results if there is no filter included i.e. the 
filter transfer function is unity. By using a lead-lag filter 
the loop becomes a second order loop. In this case we can 
choose damping factor and natural frequency of oscillation 
independently while making the loop gain as large as necessary 

in order to obtain good tracking performance. In addition 
we have to incorporate memory to the loop because the signal 
may fade or fail for short intervals. For this purpose we 
are using an active filter. The active filter is shown in 
Fig, 5,2, 






From the above discussion we understood that the 
ejnchroniser with a sawtooth comparator and active lead lag 
filter offers many desirable characteristics. So we selected 
the above elements for construction of the symbol synchroniser. 
The performance characteristics and design criteria of this 
type of ssnnbol synchroniser are listed below. 

Acquisition: 

When the digit rate clock signal and the voltage 
controller oscillator are not in phase-lock, then sjmchronism 
can be achieved in two different circumstances. 

1 ) If the loop bandwidth is greater than the difference 
between the input and output submultiple frequencies then the 
loop goes into lock almost instantaneously without slipping 
any cycles ahead or behind. 

2) But if the loop bandwidth is smaller than the difference 
between the input and output submultiple frequencies, which is 
usually the case because of the requirements on noise and 
jitter performance of the loop, the acquis tion time is 
unduly long; of the order of minutes even. But as far as 
our requirements are concerned both fast acquisition as 
well as good noise and jitter performance are eqaally important. 
In order to satisfy both the requirements two methods are 



ivailable in the literature namely, oscillator sweeping and 
bandwidth expansion. 

Oscillator sweeping: 

One method is to apply ramp to the voltage controlled 

oscillator's control terminal. ’ When the voltage controlled 

oscillator frequency is within the fast acquisition range it 

automatically goes into lock. Once the lock is established 

the ramp voltage present will he made ineffective by the 

servo action of the loop. But if the loop goes out of lock 

the ramp voltage present will cause difficulties in re acquis it ion. 

Hence it is always desirable to switch off the ramp voltage once 
the lock is established. 

Instead of the ramp a step voltage can be applied to 
the filter input* The step voltage will be converted into 
a ramp because of the integrating action of the loop filter. 

Thus applying step at the input of the filter is equivalent 
to applying ramp to the voltage controlled oscillator's 
control terminal. However when we use the step a little 
transient jump in the voltage controlled oscillator frequency 
is observed which . is objectionable in certain applications^ 

And so, we prefer the following. 



landwidtli expansion; 


In this method two bandwidths for the loop are 
proirided, a narrow bandwidth for good noise performance and 
a large bandwidth for the fast acquisition. If the bandwidth 
of the loop is made larger than the lock frequency and the • 
difference between the submultiple frequencies lies within 
this range then the loop goes into lock very fast. When 
once the loop goes into lock the loop filter is switched 
to the other mode i.e, to the narrow band mode by switching 
the components of the loop filter. The voltage necessary 
to switch the filter to the narrow band mode from wide band 
mode can be derived from the lock indicator circuitry. A 
method of implementing the above principle is shown in Pig. 

5.3, which is also the block diagram of the symbol synchroniser 
designed and fabricated. The test results also confirm to the 
advantages mentioned earlier in the report. 

Tracking; 

Once the loop is pulled into lock it tracks the input 
signal provided the jitter is small enough not to cause 
discontinuities. Good tracking performance is obtained if 
the phase error is kept small at all times. This can be 
improved by using the active filter because it increases the 
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1) To minimise the phase jitter in the output caused by the 
jitter in the input, the loop bandwidth must be as small 

as possible, 

2) To minimise the phase jitter in the output caused by 
the jitter in the oscillator output caused by the internal 
noise of the oscillator, and to obtain large pull-in range 
a wide bandwidth loop is required. 

The above two requirements are contradicting each 
other. So in designing the loop a compromise has to be 
found out depending on the requirements of a particular 
application. 

Implementation: 

We have already discussed the need for bandwidth 
expansion. So a dual filter symbol synchroniser has been 
constructed for obtaining fast acquisition as well as for 
good noise and jitter perf oimiance. The block diagram of the 
dual filter symbol synchroniser is shown in Pig. 5.3. 

The incoming signal is shaped by the Schmitt Trigger. 
After frequency division of two by the input divider the 
signal is fed to the monostable multivibrator. The monostable 
multivibrator generates short pulses at every negative going 
edge of the incoming signal. Similarly the voltage controlled 






















V-12 


oscillator’s frequency after frequency division by 4 is fed 
to a monostable multivibrator, fhe output of this monostable 
multivibrator is given to the second input: terminal of the 
phase comparator. 

¥e used MC 4344/4044 I.C. chips for the phase 
comparators in the circuit. We will study about the above 
components in detail later in this chapter. 

The output of comparator 1 after low pass filtering 
is fed to the voltage controlled oscillator control terminal 
via buffer 1 and read relay 1 . The relays 1 and 2 keeps 
either comparator 1 low pass filter 1 and buffer 1 in the 
phase locked loop or comparator 2 low pass filter 2 and buffer 
2 in the loop depending on the buffer output of the lamp 
indicating circuitry. 

The output of the low pass filter 1 is used to 
activ ate the lock indicator circuitry. . The output of the 
low pass filter 1 after level conversion using a transistor 
amplifier and nand gates is fed to the lamp via the 
lamp driver. The same output of the lamp driver will be 
used to switch an analog switch or a relay which in turn 
switches the phase locked loop from narrow bandwidth mode 
to large bandwidth mode or vice versa. The circuit diagram 
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is shown in Pig. 5,4. 

Let us now study about the important components 
like phase comparator, voltage controlled oscillator etc. 
which we used in building the symbol synchroniser. 

MC 4544/4044 Phase Comparator: 

MC 4344/4044 integrated circuit chip is a phase 
detector. The flow table of the phase detector is shown in 
Fig. 5.5. It has got two inputs B. and V and the output 
being and , Lock up occurs where both the inputs 
and remain high. This occurs only when all the negative 
transitions on R, the reference input and V the variable or 
feed back input coincides. The circuit responds only to 
transitions and hence it’s operation is independent of the 
input duty cycle or amplitude variations. Given in any 
particular condition the flow table in Pig. 5.5 can be used 
to determine the subsequent operations. The flow table 
indicates the status of and as the R and Y inputs are 
varied. The n-umbers in the flow table which are in paran- 
thesis are arbitrarily assigned tha^t corresponds to stable 
states that can result for each input combination. The 
number without paranthesis refer to unstable condition. Por 
a given input pair any one of the three stable states can 





oxist. For example, if R=1 and V=1 the circuit can be 
in one cf the stable states (5)» (7), or (11). 

Use of the table in determining the circuit operation 
is illustrated in the Fig. 5.6. In the above timing diagram, 
the reference freq.uency is given to the R input and the input 
to V is the Same frequency but lags in phase, let us 
assume that stable state (4) as the initial condition. We 
con see from the timing diagram and flow table , where the 
o'lrcxiit is in stable state (4), the outputs and 1^ are 
’O' ,and '1 ’ respectively. The next input is R-V = '1 '-'1 '. 
Moving horizontally from stable state (4) under R-V =1—0 to 
R-V = 1-1 column, state 3 is indicated. However this is 
unstable condition and the circuit will assume the state 
indicated by moving vertically in the R-V = 1 -1 column to 
stable state (3). During this time outputs and D^ remain 
unchanged . The next input to R-V is 0-1 ; moving horizontally 
to the R-V =0-1 column, stable state (2) is indicated. Still 
there is no change in outputs and . The next input to 
R— V is 0—0 corresponding to the unstable state 5 is indicated. 
Moving vertically to stable state (5)> the output now changes 
states to U^-D^=1-1. The next input change ,R-V=1 -0 drives 
the circuit to stable state (8) , with no change in or D^ . 
The next input R— V =1—1 leads to the stable stai^e (7) with 
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nc change in the outputs. The next two inputs state 
changes cause to go low between the negative transitions 
of R and V, As the input continues to change, the circuitry 
noves repeatedly through stable states (2) , (5) , (8) , (7) »(2) 
etc. as shown and a periodic wave form is obtained on the 
terminal while remains high. 

A similar result is obtained if 7 is leading with 
respect to R except that the periodic wave form now appears 
on as shown in the rows e-h of the timing diagram. In 
each case tho average value of the resulting waveform is 
proportional to the phase difference between the two inputs. 

In closed loop applications the error signal for controlling 
the voltage controlled oscillator is obtained by translating 
and filtering these waveforms. In rows i-1 of the timing 
diagram shows the results obtained when R-V are seperated 
by a fixed freq,uency difference. In this case, the output 
goes low when R goes low and stays in that state until negativ^-. 
transition on V occurs. The resulting waveform is similar to the 
fixed phase difference case, but now the duty cycle of the 
waveform varies at a rate proportional to the difference 
frequency of the two inputs , R and ¥ • It is this characteri- 
stic that permits the MC 4344/4044 to be used as a frequency 
discriminator. If the signal on R has been frequency modulatea 



find if "the loop bandwidth, is solected to pass the deviation 
frequency but reject R and V, the resulting error voltage 
applied to the voltage controlled oscillator will be the 
recovered modulation signal. 

Followed by the phase detector, MC 4544/4044 I.C. 
chip contains a charge pump and an operational amplifier, 

•dot us study thorn one by one. 

Charge Pvimp: 

The circuit diagram of the charge pump is shown in 
Fig, 5 - 7 . The operation is as follows. There will be a 
pulse wave-form on either or depending on the phase 
frequency relationship of R and V. The charge pump serves 
to invert one of the input waveforms ( 1 .^ ) and translates 
the voltage levels before they are applied to the loop filter, 
V/hen P^ is low and P^ is high, Q.| will be conducting in the 
normal direction and Q2 transistor will off. Current will be 
flowing through transistor and diode CRgI the base of 
transistor xvill be two (.base to emitter voltage) drops 
above ground or approximately 1.5 volts. Since both of the 
resistors connected to the base of the transistor Q, are 
equal, the emmiter of transistor will be approximately 
5.0 volts. For this condition the emitter of transistor 

5 

will be one Y^^ below this voltage or about 2,25 volts. 


V-20 



Fig, 5.7. Circuit Diagram of Charge Pump 
alongwith Filter, 


Since the P input to the charge pump is high (>2.4 volts) 
u 

and CR^ diode will bo reverse biased. Therefore transistor 
will bo supplying current to transistor Qg. This will 
tend to lower the voltage at the collector of transistor 0^* 
resulting in an error signal that lowers the voltage controlled 
oscillator frequency as required by a pump down signal. 

ifhon P is low and is high, the diode CE.^ is 

’ll ^ 

fi^rward biased and uP will be approximately one above 

ground. V/ith P^ high, transistor conducts in the reverse 
direction supplying base current for transistor Q 2 * When 
tr-ansistor Q 2 is conducting transistor is prevented from 
supplying base drive to transistor Q^. With transistor 
cutoff and uP low there is no base current for transistor Qg 
and the voltage at the collector of transistor moves up, 
resulting in an increase in the voltage controlled oscillator 
operating frequency as required by a pump up signal. 

When both inputs to the charge pump are high (zero 
phase difference) both CR^ diode and the base emitter junction 
of transistor are reverse biased and hence no change in 
the output of the charge pump. The output of the charge pump 
varies between one and three as the phase difference 

of R and V varies from -211 to + RTT. When we remove the 
high frequency components by filtering, the phase detector 



V-22 


transfer function E 0 is approximately equal to 0,12 volts/ 
radian. Tlie phase detector test circuit as -well as its 
laracterxstic is shown in Pig. 5.8,. 

To get the specified gain constant of 0.12 volt/ 
radian we must use proper amplifier/filter combination. It 
can be observed from the phase detector characteristic that 
the pump delivers about 2.25 volts on the positive swings 
and 0.75 volts on negative swings for a no mean pump value of 
1.5 volts. If the filter amplifier is biased to threshold at 
1.5 volts, then the pump up and pump down voltages have 
equal effects. 

Operational Amplifier: 

MC 4544/4044 IC chip is provided with an operational 
amplifier, so that it can be utilised in the active filter 
needed for phase locked loop. It can be effectively used 
in the active filter provided its limits are observed. 

The circuit configuration is illustrated in the 
•Pig. 5.9 alongwith the filter components. The limitations 
on the use of the operational amplifier is due to the finite 
gain of the stage and other non- ideal characteristics. 
Typical voltage gain of the stage is about 50 • The finite 
gain for the amplifier is provided intentionally because 
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Fig. 5 . 9 . MC 4344/4044 Loop Amplifier in Filter 
C onf igurat ion * 
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1 ) The amplifier /filter gain is an indication of how 
much the phase error exists "between the input freq.uency 
f.^n output freq,uency filter characteristic 

shapes the capture range and transient performance. A 
low gain amplifier of simplicity is usually used since many 
designs are constrained "by making f^^ equal to f^^^ rather 
than the phase error. 

2) Unnecessary high gain to the filter amplifier is often 
a source of trouble in linear loops especially when the 
loop is out of lock. If the amplifier output swing is not 
adequately restricted , then integrating operational amplifier 
latch up in time and effectively opens the loop. 

Thus for proper operation the following limits 
has to he followed; (a) R 2 > 50 , (b) R2/R^<^10 

(c) 1K <^R^<5E: 

MC 4324 "Voltage Controlled Multivibrator: 

The MC 4324 voltage controlled multivibrator can 
be variable over a range of 3*5 to 1 frequency range with 
an input d.c. control voltage of 1.0 to 5.0 voltage. It 
has got a maximum operating frequency of 25 MHz at 25°C» 

It consumes about 1 50 mw of power. 
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Standard Design Practices in using MG 4524: 

U Pins 5, 7, and 9 must te grounded. 

2. Use Capacitors with, less than 50 nA leakage at 
plus and minus 3.0 -volts. Capacitance values of 1 5 pP 
or greater are acceptable , 

3. When operated in the free running mode, the minimum ' 
voltage applied to the d.c. control input should be 60?^ 

of VCC for good stability. The maximum voltage at this 
input should be VCC +0,5 volt, 

4. V/licn used in a phase looked loop, the filter output 
should have a minimum d.c* control input voltage of 1 .0 volts 
and a -maximum voltage of VCC +0.5 volt. The maxim'am 
instruction may be waived if the output impedance of the 
driving device is such that it will not source more than 

1 0 mA at a voltage of VCC +0,5 volts. 

5. The power supply for this device sho-uld be bypassed 
with a good quality RF type capacitor of 500 to 1000 pF < 
Bypass capacitor lead lengths should be kept as short as 
possible. For best results, power supply voltage should 
be maintained as close to +5 volts as possible. Under no 
circumstances should the design require operation with a 
power supply voltage outside the range of 5.0 volts 

+ 109^, 
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External ControlV Capacitor (0^) determination: 

Tlie operating frequency of this multivihrator 
can be controlled by a external capacitor connected 
"between the terminals and X^. This is shown in Table 5.1 • 
A tuning ratio 3.5 °1 can be obtained upto a maximum 
frequency of 25 MHz. An improvement in tuning ratio can 
be achieved by providing a variable tuning capacitor to 
facilitate initial alignment of the circuit. 



VCO Values of 
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CHAPTER 6 
OONOLUSIOHS 

The ohjective of this report was to stiidy 
demonstrate the feasibility of acqxiisition of synchroni- 
zation signals* 

After studying different methods and techniques of 
synchronization the phase locked loop technique has been 
selected because of the requirement to construct a highly 
accurate symbol synchronizer that can be used universally 
at various frequencies, 

Evcnthough various types of comparators like, 
sawtooth, linear gate, digital gate early gate/late gate 
and counter digital/analog converter comparators, which 
are almost more or less similar in performance, are available, 
a savrtooth comparator is used for fabrication because of its 
inherently large linear range, which is responsible for its 
relatively superior performance. 

To test the symbol synchronizer fabricated a binary 
data signal is applied to the input of the symbol synchronizer 
from the pseudo random binary signal generator. The output 
obtained, from the symbol synchronizer is the synchronization 
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clock which is eqiial to the clock freq^uency, "by which the 
data signals are generated* The data signal is in phase 
with the synchronization signal*- The oscilloscope wave- 
forms of the data signals, the clock signal which is used to 
generate the data signals and the synchronization signals 
obtained from the sjmabol S3nichronizer are shown in Fig* 6.1*. 

We can clearly visualise from Fig. 6.1 that the 
frequency of the data clock and synchronization clock 
are one and the same and all the waveforms are in phase. 

Since the psuedo random binary sequence generator 
can generate sequences only with 1 MHz frequency signal, 
the symbol synchronizer was tested for frequencies only 
upto MHz. By varying the capacitor of the voltage 
controlled oscillator the loop can be set to operate at the 
required frequency. We can infact use the above circuit 
easily upto 10 MHz. 

Once the symbol synchronizer acquired the lock 
it followed all the changes in the input data signal. There 
is no uG;:!.nin; in measuring the accuracy of the loop because 
under lock conditions the output followed the input and 
had the same accuracy as the input. 




Data signal 
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With, jitter free input to the symbol synchronizer 
the output jitter is almost nilv 

Thus the choice of the selection of techniq_ue for 
fabricating the symbol synchronizer depends on a particular 
application. If a highly precision symbol synchronizer is 
reqtiired the choice is to go for phase locked loop symbol 
synchronizer. 

While switching over the symbol synchronizer from 
acquisition mode (wide bandwidth mode) to the tracking 
mode (narrow bandwidth mode) it is advisable to introduce 
some delay otherwise it may so happen the switching may 
go on taking place between the two states especially at 
the transitions. 

To denote the words and frames of data signals 
it is customary to transmit special signals in synchronoiis 
data transmission. These signals are extracted by the 
word and frame synchronization signal receivers and are 
used to reset the counters, to indicate the beginning or 
the end of the data word or data frame. The count of these 



counters are increased or decreased "by tlie symtol 
synchronization signal. As an extension of this 
frame and word synchronization receivers may he 
constructed. 



A-1 


APPEHPIX A 
BIBLIOGRAPHY 


J ournals : 


1 . Aaron M.R. and Tufts. D.W,, "Inter Symbol interference and 
error probability", IBEB Trans, Information Theory IT-12 
p. 26-34, 1966. 

2. Ahiiaov . A. Ye, BormotoT.H.II., Zoltysheva. G.V., Miromova. 

I. A., "Optimisation of Synchronization Process in Digital 
Data Transmission System", Telecomm. Radio Engg. pt 1 
(USA), vol. 24, No. 11, P. 48-53 (Nov. 197,0). 

3. Allonen. B. "Synchronization Problems in Data net", Tele 
(Svrocd, Ed), Sweeden, vol. 77, No. 4, p. 16-21 (1971) 

in Swoedish. 

4. Anderson. T.O., "Bit Synchronizer for Single line Data 
Transmission", Com put. Des (USA) vol. 12, No. 12, p, 90-3, 
Doc. 1973. 

5. Aughoy. R.M., "Time Synchronized ranging system", lEBE 
Trans. Instrum & Meas . vol, IM-21 , No. 3, p. 294-300 
(Aug. 1972). 

6. Baart, J.G., Chalmers. J.E., Hanna. J.L,, "Performance 
of a Synchronous Data Network", Proceedings of the lEBB 
1 972 International Conference on Communications, 
Philadelphia, Pa, 19-21 June 1972, 

7. Baart, J.G., S. Harting, P.K. Verma "Network Synchronization 
and alaran remoting in Data route" International Conference 
on CoLiLiunications, Minneapolis, Minn,, USA, 17-19 

Juno 1974. 

8. Barder. E. "A Bit Synchronous multipoint Data Network" 
Bui'ocon 71 digest, Lausanne, Switzerland, 18-22 Oct, 1971, 

9. Barker. R.H., "Group Synchronization of binary digital 
Systems", in W. Juckson (ed.) Communication 

But uorworth Bcientific Publications, London, 1955, 
pp. 273-287. 



A-2. 


10. Bender. H.N., Riml. 0., "A synchron: us digital data 

network for Canada^^ Proceedings of the IEEE 1972 
International Conference on ConiEi'unications , Piiiladelnliia 
Pa, 19-21 June 1972. ^ 

11. Biswas , B.IT., ''Conibination Injection Locking witli 
Indirect Synchronization Techniq.ue" IEEE Trans. Comm. 

Tech., vol. Comm. 19, Aug. 1971. 

12. Carter. C.R., and Haykin. S.S,, "A New Synchronization 
Tochniq.ue for Switched Satellite TDMA Systems", IEEE 
Trans, on Comm. vol. Com. -22, No. 5, May 1974. 

15 . Chang. R.W., "Analysis of a Dual Mode Digital Synchroni- 
zation System Employing Digital Rate - Locked loop" , 

Bell. vSyst. Tech. J. vol, 51, No. 8, 1881-911 Oct. 1972. 

14. Clark. A.P., "A Synchronous serial data transmission 
system using orthogonal groups of binary signal elements", 
IEEE Trans, Comm. Tech. (USA) vol. Come-19, No. 6 

Pt. 2, P. 1101-9 Dec. 1971. 

15 . Costas, J.P., "Synchronous Detection of Amplitude 
Modulated Signals", Proc. Nat. Electron, Conf. 7, 

1 21 - 129 , 1961 . 

16. Duerdoth. W.T., "Oscillator Synchronization in Digital 
Communications Systems", Patent USA 3467779, 5 Aug. 1965, 
Publ. 16 Sept. 1969 . 

17. Dyo, E.A. , "Phase lock loop swept frequency synchronization 
analysis", Int. Space Elect. Synp. N.Y. IEEE, 1965. 

18. Panell. J.L., Muthra, J.C., lEBETra^. Comm. Tech. 

(USA) vol. Cone. - 19 , No. 4, p. 487-91 (August, 1971). 


19 . Gabbard. O.G., "Design of a Satellite Time-Division 

Multiple Access Burst Synchronizer", IEEE Trans. Comm, 
Tech., vol. Coum-16, p, 589, Ing. 1968 



A-3 - 


20. Goldstein. A. Jay» ’’Analysis of PAase Controlled Loop 

^awtooth Comparator”, Bell Syst. TecA. J. vol. 41, 
p. 603-633, 1962. 

21. Goryanov. V.l,, "Time Synchronization. Acciiracy requirements 
in binary systems of information transmission", IZY, TUZ 
Radio electron, (USSR), vol. 13, liHo. 7, p, 787-98 

July, 1970, in Russain. 

22. Gibbs, R.A., and Smith. J,¥., "Some Extentions of Nyquist's 
Telegraph Transmission Theory", Bell Syst. Tech. J. 

vol. 44, p. 1497-1510, 1965. 

23* Gitlin. R.D., Salg J. "Timing Recovery in PAW Systems", 
Bell. Syst. Tech. J. (USA), vol. 50, No. 5, p. 1645-69 
May- June, 197U 

24» Hartbort. R.M., "Satellite Communications Synchronizing 
Systems", Japanese patent 1967-6417, 

25. Hartmann. H., "features of Digital, Asynchronously or 
Synchronously Operating Information NeWorks with High 
bit-roi^tn" , NacAritentecA. Z, (NTZ) (Germaney) , vol, 23 
No. 6, y, 502-7 June 1970, in German, 

26. Hawker. P., "Synchronization Detection in Radio Reception 
I", Wireless World, vol, 78, No. 1442, p. 419-22 

Sept. 1972. 

27. Hawker. P. "Synchronization Detection in Radio Reception 
II" , Phase Locking and Bi-Aural Detector" Wireless World 
vol. 78, No. 1445, p. 525-8 Nov. 1972. 

28. Hcrold. W., "Switching and Monitoring Phenomena when the 
Network is Synchronized by the Double-Ended Method 

Proc. v^f the 1972 Int. Zurich Seminar on Integrated 
Systens for speech, vedio and Data Comm, , Zurich 
Switzerland, 15-17 March 1972. 

29. Hill. E.R., "Techniques for Synchronizing Pulse Code 
Medulator Tolenotry (U)", AD-402 1 92, . Naval Ordinance 
Lab. Caronov, Calif. Feb. 1963. 



A-4 


30 . Ho. E.Y., ’’Optiiaun Equivalisa'tion and tlie Effect of 

Timing and Carrier Phase on Synchronous Data Systems". 
Bell Syst. Tech. J. (USA), vol. 50, No. 5, p. 1671-81 
May- June 1971. 

51 . Hurd. W.J., Anderson. J.O^, "Digital Transition Tracking 
Symbol Synchronizer for low SHR Coded Systems", IEEE 
Trans. Comm. Tech. (USA) vol. Com-18, No. 2, p. 141-6 
April 1970 

32 . Ingham. W.B., ‘’Ihe Design of an APC Ssmchronizing Loop" 
Rep. No. R¥/8, EMI Res. Lab., Hayes, Middlesex England 
April 1 956 . 

33* Jafco. R., and B. Rechtin, "Design and Performance of 

Phase Locked Circuits capable of near Optimum Performance 
over a wide range input Signals and Noise levels", IRE 
Trans. Information Theory IT-1, 66-76, 1955. 


34 . Jelouek. Z.J., and Cowan, C.J., "Synchronized Systen^ with 
Tine Delay in the Loop", Proc, EEE, 104, Part C, 

Monograph No. 229, March 1957. 


35 . KalabOKOv. B.A. , N.E. Kalabek'yants , L.A. Letnik, 

"Analysis of the Cyclic Synchronization Parameters of 
■a Co:;i.:unications System with PCM and time division of the 
Channels", Tele Comm, and Radio Eng. Pt , 2 (USA) 
vol. 27, No. 3, p. 146-8 March, 1972. 


36. Karp. D., Seroussi. S.P., "Continuous Communications line 
S ^/riChronization" , IBM Tech, disclosure Bull. (USA), vol. 
15 , No- 2, p. 589-90 July, 1972. 

37. Kayatskas. A.A. , "Optimisation of Clock Synchronization 
Systems", Tele Comm. & Radio Eng. Pt . 2, (USA) 

vw. 27 , No. 9, P. 58-62 Sept. 1 972. 


38. 


39. 


Kittridge. A.J., Chalmers. J.E., "Data Terminals for . 

v^'/nchronous Nodes", Proc. of the I^EE 1972, International 
Cc:nforc,ncc on Communications, Philadelphia, 1^-21 
June 1972 (IEEE USA, 1972). 


Kond-.. s. , Karmato, and Hiraide, Clock bynchronizatxon 
fur PCM Satellite Communication ( 5 ) 7 ( 5 ) Natl. 

Cenv. Rec. of IEEE, Japan, 1 332-1534, 1966. 


Conv. 



40. 


41 . 


Kondo. S., Kuramota and Hiraide, "Design of Phase 
Control Sptem containing time lag", Jt. Conv. Rec. of 
Elect, and Electro. Engrs. of Japan 2826, 1969. 


Kondo, 3,, 
Satellite 
1247, 1967 


"Synchronization System in PCM Multiple Acces 
Communication", Eat. Conv. Rec. of IBCE Japan, 


s 


42, Kondo. et,al., "Clock Synchronizations, for PCMA Satellite 
Connunication (I)" Jt, Conv. Rec. of Elec, Electro, 
Engrs. of Japah, 1978, (1968). 


43. Kondo. S,, "Considerations on a Clock Synchronization 
Systems for PCM Satellite Commxmication" Jt. Conv. Rec, 
of Elect, and B^ectro. Engrs. of Japan, 2434, 1969* 


44. Kondo. S.," Clock Synchronization Systems for SMJiZ 

Satellite Communications System-SMAZ" , Review of the 
ECL., NTf, Jap. 17. 8, 1969., 

45. Lawhorn. R.D. and C.S, Weaver, "Pseudo Random Synchro- 
nization and Optimum Binary Modulation" Philco Tech. 
Memo, 60, 25th March, 1963. 


46. Liberman. R.A., "Synchronous Polling" IBM. Tech. Disclosure 
Bull. (USA) vol. 13, No. 9, 9. 2616-17, Feb. 1971. 

47. Lifshifts. L.M., "Some Aspects of Synchronization of 
Branched Data Transmission Networks", Tele Comm. & 

Radio. Eng. Pt. 1 (USA), vol. 26, Eo, 5> p. 44-8, Jul. 1972, 

48. Lyon. D.L., "Timing Recovering in S 3 nachronous Bq^uilised 
Data Communication", IEEE Trans* Oommn. vo. Com-23, 

No. 2, Feb. 1975. 


49. 


50. 


51 , 


Mcbridc, A.L., "On Discrete Seq.uential Estimation of bit 
Synchronization" , IEEE Trans, Cone, Tech. (USA) vol. 
Gom-18, No. 1, p. 48-58, Feb, 1970* 


Mcbride. A.L,, "Optimum Estimation TO 
IEEE Trans. Aerospace Electronic Syst 
Nw. 3, p. 525-36, March 1969. 


bit Synchronisation 
(USA) "vol. AES-5 


Miyar.owa ot.al., "Clock Synchronization of PCM-MA 
Satoilite C orainunications (2)", Jt. of Elect, 

and Electro. Engra* of 1 979 



52. 


A- 6 


Nazarov. V.I. , "Group Synchronization of Digital Data 
Transmission Systems by the Eotating Phase Method", 

p! 67-73rA^!“97S!- 8. 


53* Negreanu' . D., "Problems in Constructing Start Stop 
Synchronization Aijustment in Complex Numerical 
Transmission System" , lele Communicati (Rumania) 
vol. 13 , No. 5-6, p. 219-23> May 1 969» In Riuaeanian. 


54* Neilsen. P.T., Distributed Prame Synchronization by 
non-linear shift register seq^uencies" , Electron. Lett, 
(G.B), VO. 9, No. 4, P. 73-5 (22 Feb. 1973). 


55. Nuilsen. P.T., "Detection of Group Synchronization in 

Digital Communications", Proc. of the 1970 International 
S,ymposi\mi on Information Theory, Noordwiik, Netherlands 
15-19 June 1970 (IBBB 1970 USA/. 


56, Oberst, J«P,, Schilling. D.l,, "Performance of Self 
Synchronized PSK Systems". 1969 IEEE International 
ConferoncG on Commn. Boulders, Co. USA 9-11, June 1969 
(IEEE, USA, 1969). 


57. Onu..freiv. V.P., T.P. Petrucheck, "Synchronization and 

Rcfurcnce Signal Generator", Radio-Tekhnika, Karkov (USSR) 
No. 27, p. 19-23 (1973) In Russain. 


58. Ramsay '. R.D,, "Synchronization of Digital Communication 
Networks", Instn, Engrs. Austral. Elect., Eng. Trans., 
vol. EE 6, no. 1, p. 40-3 (March 1970). 

59. Ramsay. R.D., "Digit. Synchronization for Data Trans- 
mission Systems" Proc* Inst, Radio. Electron. Eng. Aust, 
(Australia), vol. 32, No. 5, p. A20 (May 1971). 

60. Roy, T.J,, "Effects of the Filler in Oscillator 
Synchronization", Tech, Rep. 181, Lincoln. Lab. , 
Lexington, ILass, May 1958. 

61. Rodionov, Ya.G., "Phase Transient of Synchronized 
Oscillations in a Tracking Oscillator", Tele, Coom. 

and Radio Eng. Pt* 2, vol. 26, No. 9, 80-2 (Sept. 1971). 



A-7 


62* Rosens’tark. S., and L. Kura,, "Design of Binany Band-^ 
United bignals Imbedded in Colored Guassian Boise and 
Intersynbol Interference", IEEE Trans. Information 
Theory IT-H, p. 312-320, 1968. 

63. Roza. E., "Analysis of Phase Locked Timing Extraction 
Circuits for Pulse Code Transmission", IEEE Trans, on 
Conn. vol. Com-22, No. 9, Sept. 1974* 

64 . Saltzberg, P.R., and L. Kurz, "Design of Band Limited 
Signals for Binary Communication using Simple Correlation 
Detection", Bell Syst. Tech. J. vol. 45, p. 235-252, 

1 965. 

65 . Sanoilenko, 1. 1,, "The Relaibility of the Synchronization 
of an Auto -Generator in the presence of Madulated 
Oscillations" Radio Engg., USSR, I 5 , No. 7, 61-68, I960, 

66. Sandberg. I.¥. "On Conditions under which it is possible 
to Synchronized Digital Transmission Systems", Bell Syst. 
Tech. J. (USA) VO. 48, No. 6, p. 1 999-2022, Jul. 1969. 

67. Sandberg. "Some Properties of a non-linear Model 

of a System for Synchronizing Digital Transmission 
Networks". Bell Syst. Tech. J. (USA) vol. 48, no. 9, 
p. 2975-97 Nov. 1969. 


68. Schiffel. R. , "Principles and Analysis of Timing Operations 
in Data Processing and Data Transmission", Nachrichtentech, 
Elektron (Germany) vol. 23, No. 9, p. 3 (1973) In German. 

69. Schlesinger. K., "Lock Oscillator for Television Synch- 
ronization", Electronics 22, Jan. 1949. 

70. Sekimoto. T. and H. Kaneko, "Group Synchronization for 

Transaission Systems” IRE Trans ♦ Commuaication 

Systons 10, p. 381-390, 1962, 

71. Sinon. M.K., "Data Derived Symbol Synchronization for 
MASK and QASK Signals", IBB® Trans, on Comm. vo. Com-23, 
No. 6 , June , 1 975 . 



A-8 


12.t Sizon* "V'.P,, '^■fca'bioiiEry Modss of a Pliass Lock APC 
System”, Tele Comm, and Radio Engg. 22,110; 1 
Jan. 1 968. ' 

75* Sizon, V.P*, "Phase lock APC Systems with a Phase 

Shifter in the Peedhack Loop", Tele Comm, and Radio 
Engg. 21, No, 1, Jan. 1967. 

74. Bkupoy; V.P., "The Theory of Self-oscillation Synchro- 
nization", Tele, Comm, and Radio Engg. vol. 23 , No. 88 
Aug. 1968. 

75. Sokolov. V.V., Nazarov. V.I., "A Method of Group 
Synchronization in PSK Digital Data Transmission Systems" 
Tele Conu.&Radio Engg. Pt. 1 (USA) ,vol. 25 No. 3, 

p. 53-5 (1969)^ 

76. Sovgnil. A., "Data Transmission Systems hy Pattern 
Synchronization", J. Korean Inst. Electron. Engg. 
vol. 9, No. 1, p. 25-30, (Pet. 1972). 

77. Stiffler. J.J., "Phase locked Synchronization with 
Sinusoidal Signals" JPS SPS No. 37-27, vol. 17 June 1964. 

78. Sundo, B.D., "Self Timing Regenerative Repeaters", 

Bell Syst. Tech. J. No. 35, p. 891-937, 1956. 

79. Sviridcnko. S.S., "On the Theory of Synchronization for 
Digital Data Transmission" Tele Comm. & Radio Engg. 

Pt. 2 (USA) vol. 27, No. 3 p. 75-9 (March 1 972). 

80. Swoboda. J., "A Proposal for bit rate Synchronization 
with Data Transmission" Arch. Elekt. Ubertragung (Germany), 
VO. 22, No. 11, p. 509-13 (Nov. 1968 ) in German. 

31 . Tachikawa, Suzuki and Kondo, "Perfect Clock Synchronization 
in Multiple Access Systems for PCM Satellite Communication", 
Natt. Cunv. Rec. of lECB Japan 1 249 (1 967). 

82. ThoupS(;n. D., "A System for Synchronization of the Clocks 
in an Integrated Digital Transmission and Switching 
Network", Proc. of the 1972 International Zurich seminar 
on Integrated Systems for Speech Vedio and Data 
Coi-inunications , Zurich Switzerland 15—17 March, 197 , 

IEEE Soction Switzerland 1972. 



83. 


84. 


85. 


86 . 


87. 


88 . 


89. 

90. 

91 . 


92. 


93 . 


Timor. U., "Frame Synchronization in Time Multiplexed 
PCM Telemetry with Variahle Frame Length", IEEE Trane* 
Comm. (USA) vol. Com-20, No. 5, p. 1005-8, Oct. 1972. 

Tucker. L., "The Synchronization of Oscillators", 
Electronics Engineering, 16, 26-30, 1943.' 

Tucker. D., "Carrier Frequency Synchronization" , Post 
Office Elec. Bngg. 33, 75-81, 1940. 


Viterhi. A.J., "On Coded Phase Coherent Comnunications" 
IRE Trans. Space Electronics and Telemetry SET-7 , 
p. 3-14, 1961 . 

Viterbi. A.J., "Optimum Letection and Signal Selection 
for Partially Coherent Binary Communications", IRE Trans. 
Inf ori'iation Theory IT-11 , 239-246, 1 965. 


Viterhi. A.J., "Phase Locked Loop Dynamics in the Presence 
of Noise by Fokker-Plank Techniques',' Proc,- IEEE 51 , 
p. 1737-1753, 1963. 

Wendt. K.R., and G.L. Fredendall, "Automatic Frequency 
and Phase Control of Synchronization in Television 
Receivers", Proc. IRE, 31, 7-15, 1943* 


Williad. M.W., "Analysis of a System of a Mutually 
Synchronized Oscillators", IEEE Trans, Coima, Tech, 
vol. Com. 18, No. 5, p. 467-83 (Oct, 1970). 


(USA) , 


Yamamoto. K., "Automatic Synchronization System with ICs 
J. Inst. Telev. Bngg. Jap. (Japan), vol. 2b, Mo. b, 
p. 375-80, May 1972. 


Zanadvorov. P.N., "On the Synchronization of Oscillators 
by Periodic Pulse Trains", Radio Engg. Electron USSR, No. 2 
281-296, 1958. 


ZcFors L.E., "The Influence of Synchronization inacc^acy 
in'D^t; fcfaAsnission", Proc. of 

Symposium on Information Theory, NoordwiDk, Netherlanas 
15-19, June 1970, IEEE 1970. 



A-10 


Books ; 

1 . Bennet. W.R., and Davy. J.R., ’’Data Transmission", Me- 
Graw-Hill, New York, 1 965. 

2. Fano. R.M. "Commnnications Theory", Academic Press, New 
York, 1953. 

5. Gardner. F.M., "Phase Lock Techniques" , J. Wiley 
ilew York, 1966. 

4. Golonb. S.W., "Shift Register Sequences", Holdenday Inc. 

San Francasco, 1967. 

5. Golomh. S.¥,, "Digital Communications with Space Application 
Prentice Hall, Fngle Wood Cliffs, N.J., 1964. 

6. Huffman. D.A, , "Information Theory", Academic Press, 

New York, 1956. 

7. Kotol’nikov, "The Theory of Optimum Noise Immunity", 

Me Gravr-Hill, New York, 1959. 

8. Stifflor. J.J., "Theory of Synchronous Communications", 
Prentice Hall, Inc., Englewood, Cliffs, New Jersey, 1971. 

9. Viterbi. A.J. , "Principles of Coherent Communications", 

Me Grax'j'-Hill, New York, 1 966. 

10. Wozencraft. J.M., and Jacohs. I.M., "Principles of 
Communications Engineering, J, Wiley, New York, 1965. 



A-11 


Technical Reports: 

1 , Cessna J.R», "Steady State and Transient Analysis of a 
Digital hit Synchronization Phase locked loop” Report 
Rept.-70-16 (AD- 705007 ), lowaUniv., Iowa City, USA 
1970 , Available from CFSTI, Springfield, 7a. 22151, USA. 

2. Januar S.S. and S.K. Mullick, "Phase locked loop- A 
Bibliography” Technical Report EE-TR-001 -74 Jan. 1974, 
Indian Institute of Technology, Eanpur-1 6 

3 . Zegors. l.E. "Conmon-Bandwidth Transmission of Data Signals 
and Wideband Pseudonoise Synchronization Waveforms", 
Phillips Research Report Supplement 1 972 Eo. 4. 



B-1 


APBEMDIX B 

REPBREHCES 


1. Zegers. L.E. "Connoii-Bandwidtli Transmission, of Data 
Signals and Wideband pseudonoise synchronization 
■waveforms” , Phillips Research Report Supplement 

1972 Wo. 4* 

2. Bennet. W.R., and Davy. J.R,, "Data Transmission", 

Me Graw-Hill, Wew York, 1965. 

3, Golomb. S,¥,, "Digital Communications with Space 
Applications Prentice Hall, Engle, Wood Cliffs, 

W.J., 1964 

4. Gardner. F.M., "Phase Lock Techniques" J, Wiley 
New York, 1 966. 

5, Goldstein. A. Jay, "Analysis of Phase Controlled 
Loop with a Sawtooth Comparator", Bell Syst. Tech. 

J, vol. 41, p. 605-653, 1962. 

6, Ramsay. R.D., "Synchronization of Digital Communication 
Networks", Instn. Engrs, Austral. ■ Elect . Eng. Trans., 
vol. EE 6, No, 1, p. 40-3 (March 1970). 

7, Ramsay. H.D., "Digit Synchronization for Data Trans- 
mission Sys'bems" Proc. Inst, Radio Electron; Eng, 
iiust, (Australia), vol. 32, No. 5, p» A20 (May 1971)* 

8. Byrne. C.J. "Properties and Design of the Phase Controlled 
Oscillator with a Sawtooth Comparator" BSTJ, 41 , No, 2 
(March 1962) pp. 559-602. 



A 4554S 

Date 554 N 

This book is to be returned on the 
date last stamped. 



EE-±??5‘-n-RAM - 'SVM 


